We examined the effects of black rice (BR) (Oryza sativa L.) grains and an anthocyanin (AC) extract of the grains on lipid and carbohydrate metabolism and in vivo oxidative stress in type 2 diabetic mice. Mice (C57BL/KsJ-lepr db / lepr db , db/db) were fed an AIN-93G based diet containing 20% (w/w) boiled BR grains or the AC extract (0.015% or 0.03%, w/w) for 21 days. TBARS levels in the liver tissues of the BR-and AC-diet groups were lower than those of the diabetic control (DC) group. Concentrations of other parameters, such as plasma arteriosclerotic index, hepatic lipids, and total cholesterol in liver tissues in the AC-diet fed group were lower than those in the DC group, and tended to be lower in the BR-diet group than in the DC group. Fecal concentrations of bile acids and cholesterol were higher in the BR-and AC-diet fed groups than in the DC group. These results suggest that compounds in the AC extract contribute to the improvement of lipid metabolism and suppression of in vivo oxidative stress by ingestion of BR grains.
serum cholesterol and triglyceride levels in mice fed a high-fat/ cholesterol diet. In addition, it has been demonstrated that oxidative damage as a result of hyperglycemia is increased in patients with diabetes mellitus (West, 2000) . Given that BR is rich in antioxidative phenolic compounds such as ACs and phenolic acids (Laokuldilok et al., 2011) , it is presumed to have antidiabetic effects. In the present study, we investigated the effects of BR and constituent ACs on lipid and carbohydrate metabolism in type 2 diabetic mice.
Materials and Methods
Preparation of boiled black rice (BR) BR (cv. Asamurasaki) grains were produced in Iwate Prefecture, Japan, in 2013. Raw grains (unpolished) were stored at 4℃ in an airtight plastic bag until cooking. BR grains (375 g) were boiled in distilled water (735 mL) using an electric rice cooker (Sanyo, Tokyo, Japan).
Cooked rice was cooled at ambient temperature for 1 h and stored at _ 80℃. Frozen boiled rice was lyophilized and powdered using a vibrating sample mill. The composition of the powdered boiled BR was as follows (g/100 g fresh weight): moisture, 4.4; protein, 7.4; fat, 4.5; ash, 1.5; carbohydrate, 78.0; dietary fiber, 4.2. The total AC content in the powdered BR grains (g/100 g fresh weight) was measured by a pH differential method (Oki et al., 2011) .
Changes in antioxidant activity and composition of phenolic compounds (including ACs) during preparation of boiled rice
Because rice grains are usually prepared for meals using a rice cooker in Japan, changes in the value of hydrogen radical absorbance capacity (H-ORAC) and phenolic compound composition after preparation of boiled rice were investigated.
H-ORAC values of the extract from BR grains before and after boiling were measured according to the method of Watanabe J. et al., (2012) . In addition, changes in AC content were measured by the pH differential method mentioned above, and changes in the composition of phenolic compounds were determined by HPLC. In brief, 0.2 g of powdered raw BR or cooked BR was mixed with 1 mL of 80% methanol and agitated for 3 h by a shaker. The mixtures were centrifuged at 7,100 × g and supernatants were
collected. HPLC analysis of phenolic compounds was performed by the same method as previously described (Watanabe M. et al., 2011b) .
Preparation of BR-and AC-diets Powdered BR was mixed
with AIN-93G diet at a concentration of 20% (w/w). Casein, β-cellulose, and soybean oil were used to adjust protein, dietary fiber, and lipid contents to equal concentrations between the AIN-93G and BR diets.
The AC extracts were prepared from BR grains in the same manner as previously described (Watanabe M. et al., 2011b) . In brief, 2 L of 5% formic acid was added to 100 g of BR powder and the mixture was stored at 4℃ for 20 h with occasional shaking.
The extract was centrifuged at 7,100 × g for 10 min and the supernatant was collected. The AC fraction was purified by a solid extraction technique using a Sep-Pak C18 cartridge, and the AC content was determined by the pH differential method mentioned above. Measurement of plasma glucose After preparation of plasma by centrifugation of the collected blood at 11,000 × g for 5 min at 4℃, plasma glucose levels were measured using a Glucose C-II Test Wako kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan) according to the manufacturer's instructions.
Extraction of lipids from liver tissues Total lipids in the liver
tissues were extracted with chloroform-methanol (2: 1; v/v) solvent according to Folch's method (Folch et al., 1957) . After removal of the solvent from the extracts, the residue was dissolved in 2-propanol containing 10% Triton X-100. This crude lipid solution was used for the measurement of lipids. (Kikugawa et al., 1992) . Plasma TBARS was analyzed according to Yagi's method (1976) . Measurement of fecal cholesterol Cholesterol was extracted from powdered feces by Folch's method and levels were determined by the Cholesterol E Test as described above.
Measurement of lipids

Measurement of protein content in liver homogenate
Statistics Statistically significant differences between groups were evaluated by one-way analysis of variance followed by Tukey's test using Prism 5 software (GraphPad Software Inc., San Diego, CA, USA). P < 0.05 was considered to be significant.
Results
The AC content in boiled rice grains (1.6 mg/g dry weight) was reduced to 32.2% of that in the grains before cooking (4.9 mg/g dry weight) (Table 2) , and 67.8% of C3G was lost during the treatment.
However, the H-ORAC value of the extract was reduced to 44.4%
(from 146.8 to 65.2 μmol TE equivalent/g dry weight) by cooking.
Previous investigation of the influence of cooking on the AC content of BR revealed that 74.2% of C3G was lost when the rice cooker was used (Hiemori et al., 2009) . Although cooking conditions, such as temperature, pressure and time, between rice cookers may not have been identical, a large amount of C3G in BR was lost by cooking in both studies. HPLC analysis of the extract from boiled BR showed that protocatechuic acid (0.26 mg/g dry weight) was generated as a cleavage product of C3G during the preparation of boiled rice, as shown by Hiemori et al. (2009) . Although the food intake of the diabetic groups was higher than that of the nondiabetic groups, there were no significant differences among the diabetic groups. After the 21 day feeding period, final body weight and body weight gain of the diabetic groups were higher than those of the nondiabetic groups. There were no differences in the final body weight, body weight gain, liver weight, or epididymal adipose tissue weight among the diabetic mice groups.
Effects of the BR diet on blood and plasma parameters are shown in Table 4 . The plasma glucose concentration in the diabetic groups was higher than in the nondiabetic group. There were no differences in plasma glucose concentration among the diabetic groups. In addition, there were no differences in the HbA1c concentration, which is an index of persistent hyperglycemia, among the diabetic groups.
Concentrations of total cholesterol and HDL cholesterol, and the arteriosclerotic index [(total cholesterol -HDL cholesterol)/
HDL cholesterol], in the plasma are also shown in Table 4 .
Although the concentration of plasma total cholesterol was significantly higher in the DC group than in the NC group, there were no significant differences among the diabetic groups.
Concentrations of HDL cholesterol in the DC, DBR, DLA, and DHA groups were higher than in the NC group, and there were no significant differences among the diabetic groups. The arteriosclerotic index was substantially lower in the diabetic ACfed groups (DLA and DHA) than in the DC group. There were no significant differences between the DBR and AC-fed groups.
The effects of BR and ACs on hepatic lipids are shown in Table 5 . The level of hepatic lipids in the DC group was higher than that in the NC group, but levels were significantly lower in the diabetic AC-fed groups (DLA and DHA) than in the DC group. In addition, cholesterol levels in the DBR and DLA groups were significantly lower than in the DC group.
To confirm the mechanism of suppression of plasma arteriosclerotic index and cholesterol level in the liver tissue, the fecal concentrations of bile acids and cholesterol were determined 
Discussion
BR (Farder et al., 2008) and brown rice (Wu et al., 2013) grains are rich in phenolic compounds having antioxidant activity.
These grains are utilized as staple foods, with the expectation that their in vivo antioxidant activity will contribute to health. Given the utilization of BR in daily foods such as mixed rice, in this study, we prepared diets (based on AIN-93G) containing 20% boiled BR grains for type 2 diabetic db/db mice. Although BR grains are rich in ACs such as C3G and a small amount of peonidin 3-glucoside, much of the C3G in the grains was lost by cooking. However, 44.4% of the H-ORAC value of raw grains was maintained in the boiled grains due to the presence of C3G (32.2% before cooking) and protocatechuic acid, a product of C3G cleavage during cooking. Therefore, boiled BR grains in daily meals are expected to be a source of phenolic compounds with antioxidant activity.
We also prepared 0.03% and 0.015% (w/w) AC diets, since the AC content in the 20% BR-diet was 0.03%. The AC-diet improved lipid metabolism, evidenced by the reduction in the plasma arteriosclerotic index and hepatic cholesterol level of db/db mice, while the BR-diet tended to improve these parameters in diabetic mice. On the other hand, fecal bile acids were significantly increased in the DBR (boiled BR-diet) and DHA (0.03% AC-diet)
groups. Previously, we demonstrated that oral administration of acylated AC from black carrot (Daucus carota L.+), once per day at 20 mg/kg body weight for 3 days, significantly reduced the plasma arteriosclerotic index and tended to reduce the hepatic cholesterol level in mice subjected to restraint stress (Watanabe M. et al., 2011b) . Moreover, the hypolipidemic activity of C3G (0.06% in the diet for 12 weeks) in apo-E deficient mice has been reported (Xia et al., 2003) . This effect was ascribed to the upregulation of expression of cholesterol 7-α-hydroxylase (CYP7A1), which is the rate-limiting enzyme for bile acid synthesis in liver (Wang et al., 2012) . These results suggest that the 0.03% AC-diet increased hepatic synthesis of bile acids, which were then excreted in the feces, thereby contributing to the improvement of lipid metabolism in db/db mice. The effect of the 20% BR-diet on lipid metabolism could largely be ascribed to the hypolipidemic effect of the C3G (i.e., AC) contained in the diet. In addition, protocatechuic acid in the BR-diet may have an additive effect on lipid metabolism by its hypolipidemic activity, such as an increase in lipid profile and decrease in HDL-cholesterol (Harini and Pugalendi, 2010) . The difference in the effects of the BR-and AC-diets may be ascribed to differences in the absorption rate of AC in the two diets; that is, the absorption rate of purified AC may be higher than the Hypoglycemic activity, such as suppression of blood glucose level and insulin sensitivity, of C3G (0.2% in feed, w/w) in type 2 diabetic KK-A y mice has been reported (Sasaki et al., 2007) .
However, feeding of the BR-or AC-diet had no effect on the HbA1c concentration in whole blood of db/db mice, suggesting that the hypoglycemic effects of BR-and AC-diets in db/db mice would not be expected for the AC-diet (0.03% or 0.015%) in this study.
Increased in vivo oxidative stress in blood and tissues is observed in diabetic patients compared with healthy individuals.
Although the BR-and AC-diets had no effect on plasma TBARS levels in diabetic mice, these diets suppressed hepatic TBARS levels in diabetic mice compared to control diet mice. Although there were no significant differences in the DBR, DLA, and DHA groups, the TBARS level of the DBR group tended to be higher than the DHA group, suggesting that the absorption rate of isolated ACs might be higher than for ACs remaining in the grains. We also demonstrated that acylated ACs from black carrot substantially inhibited lipid peroxidation in liver tissues of mice subjected to restraint stress (Watanabe M. et al., 2011b) . These results suggest that ACs in BR grains could act as antioxidants against the generation or elevation of reactive oxygen species in the liver tissues of diabetic mice.
The BR-diet showed effects on lipid metabolism along with in vivo antioxidant activity in type 2 diabetic mice. These results indicate that cooked BR grains containing ACs would be useful as a daily food, due to the expected health-benefits of their antidiabetic activity.
Conclusion
The hypolipidemic effects of the BR-and AC-diets in type 2 diabetic mice were mainly attributable to the facilitation of bile acids synthesis in the liver tissues and their subsequent fecal excretion. In addition, BR-and AC-diets revealed in vivo antioxidative activity, which was mainly due to C3G, as observed by the suppression of hepatic TBARS levels.
